Abstract-The accurate investigation on the coseismic displacement attenuation pattern plays an important role in seismic intensity zoning. A new model combining the Logistic Power and Cosine model is proposed in this paper to evaluate the correlation between coseismic displacement and epicentral distance and rupture angle. The presented model is tested and validated using the high-rate GPS array displacement observables associated with Japan Mw 9.0 earthquake. The computation results show that the Logistic Power model is feasible to characterize the pattern between the coseismic displacement and epicentral distance, and the Cosine model between the coseismic displacement and rupture angle.
I. INTRODUCTION
The huge energy released from high-magnitude earthquake can cause elastic or inelastic movement of upper crust. Some seismic parameters, such as acceleration, velocity and displacement, are often introduced to characterize the ground motion [1, 2] . The coseismic displacement field contains comprehensive effect of seismic wave pulse and time duration. It can be used to characterize the destructive effect caused by earthquake on a large scale. The value of ground displacement is affected by the magnitude, seismic source parameters and propagation way. The investigation on the attenuation pattern plays an important role for seismic intensity zoning [3, 4] . Joyner & Boore established the logarithmic relationship attenuation model between seismic peak ground acceleration (PGA) and magnitude, epicentral distance, propagation media property (rock/soil) [5] . Ambraseys & Srbulov modified the model and established the relationship between peak ground displacement (PGD) and magnitude, epicentral distance and the critical acceleration ratio [6] . The predictive equations of PGD derived by Chen Peishan considered the influence of the magnitude, the tectonic ambient shear stress value, epicentral distance and propagation media absorption coefficient [7] . However, it has to be noted that the seismic data for the above model is limited in earlier time. The satellite geodesy after 1990s provides a new technology to obtain high precision seismic displacement field in a wide area. Especially in the recent decade, the dense high-rate GPS continuous operation arrays are gradually set up in some active crustal area, such as Europe, Japan and New Zealand regions. In order to further characterize the attenuation pattern, a new model is proposed and validated using Japanese GPS Earth Observation Network (GEONET) coseismic displacement observables.
II. DATA SET
GEONET maintained by Japan Geographical Survey Institute (GSI) is the largest high-rate GPS array in the world [8] . There are more than 1000 GPS sites over the country with the average adjacent distance about 25 km. The Mw 9.0 earthquake, occured off the coast of northwest Honshu on Mar 11, 2011, caused a large number casualties and property losses. The GEONET high-rate GPS receiver recorded the displacement data of whole seismic process.
GSI has authorized the observation data to a few research organizations, for example, Advanced Rapid Imaging and Analysis (ARIA) team from JPL and Caltech, Nippon The time series of coseismic displacement can be obtained from high-rate GPS observables. Three-dimensional displacement process at No. 0550 site, nearest to epicenter, time span UTC 05:45:00~05:55:00, is shown in figure 2 . We can see that the site began to move eastward for 18 seconds after the earthquake, then move southward and finally downward. The largest displacement was obviously higher than the permanent displacement. It means near-field ground displacement presented elastic motion pattern. The ground movement contains both the static permanent displacement and the dynamic largest displacement. Compared with the permanent displacement, the largest displacement can lead to bigger destruction to inelastic structure and non-fixed objects. Here we put the focus on analyzing the coseismic largest displacement to obtain the motion attenuation pattern. 
III. DISPLACEMENT ATTENUATION MODELING
The earlier displacement attenuation models had to consider the influence of seismic source parameters, propagation media and site environment. Different from these models, this paper proposes a new idea without considering seismic parameters. On the basis of the enough observables from high precision high-rate GPS array, the displacement attenuation pattern can be derived from the data. The quantitative function model between coseismic displacement and epicentral distance and rupture angle can be obtained from the displacement data at 396 observation sites.
The epicentral distance and geodetic azimuth for the connection line from epicenter to GPS site can be calculated using classical geodetic formula. Rupture angle is used to describe seismic wave propagation direction. It is defined as the clockwise angle starting from the fault strike direction, for this case 198 degrees [9] .
A. Correlation between Coseismic Displacement and Epicentral Distance
In order to analyze the correlation between coseismic displacement and epicentral distance, 4 groups of data were selected from east component of largest displacement. The rupture angles are 34 °, 46 °, 75 ° and 114 ° respectively.
The correlation coefficient, standard error, corrected Akaike information criterion (AICC) and RMS were jointly used to evaluate the reliability of the model. On the basis of analyzing some optional models [10] , the Logistic Power model was selected to describe the relationship between the displacement and epicentral distance, which can be written as follows.
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where D indicates the coseismic displacement, R is epicentral distance from GPS site to epicenter, a, b and c indicate respectively the modeling coefficients.
The calculation results from 4 groups of data are shown in figure 3 . We can see that the correlation coefficients between displacement and epicentral distance are very close to 1.000, which means strong correlation. The RMS of residual values is between 0.021~0.064m, which matched well the coordinate precision. 
B. Correlation between Cosesimic Displacement and Rupture

Angle
In order to analyze the correlation between coseismic displacement and rupture direction, 4 groups of data are selected from east component of coseismic largest displacement. The epicentral distances are 200km, 250km, 300km and 350km respectively. Using the same evaluation method as mentioned above, the selected Cosine model can be written as follows.
where D indicates the coseismic displacement, A is the Rupture Angle, a, b, c and d are respectively the modeling coefficients.
The calculation results from 4 groups of data are shown in figure 4 . The correlation coefficients between coseismic displacement and rupture angle are between 0.749 and 0.937, which means good correlation. The RMS of residual values is between 0.058~0.149m, which is slightly less than the coordinate precision. 
C. Correlation between Displacement and Epicentral
Distance and Rupture Angle
Combining the equation (1) and (2), a new displacement attenuation model can be established as the following.
where D indicates displacement, R is epicentral distance, A is rupture angle, a, b, c, d, e and f are respectively the modeling coefficients.
In order to reduce the influence of random error, the displacement data at 386 sites were used to model the pattern. The remaining 10 sites (Nos. 0142, 0893, 0543, 0930, 0198, 0240, 0222, 0216, 0613 and 0227) were used as the checking points. The derived detailed model between coseismic displacement and epicentral distance and rupture angle can be expressed as the following. 
The correlation for this model reaches 0.992 with RMS 0.114m. The statistical residuals at 10 sites are listed in the table 1. The maximum value is 0.105, the average 0.061m and RMS 0.068m. The results show that the fitting function was feasible and reliable for modeling the relationship between coseismic displacement and epicentral distance and rupture angle. On the basis of the displacement observables from high-rate GPS array associated with the Mw9.0 earthquake in Japan, a new attenuation model considering epicentral distance and rupture angle is proposed. The computation results show that the quantitative modeling has good reliability for describing the coseismic displacement attenuation pattern without considering the influence of seismic wave propagation medium and seismic source parameters.
